Introduction
''Liquid crystal'' is an umbrella term for a group of partially ordered, sometimes fluid, states of matter that exists in addition to the three 'common' states of matter, these being the solid, liquid and gaseous states. In addition to being the presently dominant display technology various liquid-crystalline (LC) mesophases are formed by DNA, [1] [2] [3] [4] [5] [6] carbohydrates and lipids, [7] [8] [9] and peptides. [10] [11] [12] Liquid-crystalline phases also occur on length scales beyond those of molecular dimensions, with mesophases being formed by (for example) suspensions of viral particles. [13] [14] [15] The uniaxial nematic phase is the simplest LC phase and possesses only an average orientational ordering of the molecules along a preferred direction (the director). The addition of chirality to a nematic LC, either through changes to molecular structure or via the addition of a supplementary chiral dopant to the host nematic phase, leads to the formation of a helical superstructure in the nematic phase (denoted N*, chiral nematic or cholesteric). For both bent-core liquid crystals and liquid-crystalline dimers an additional possibility exists; this being the formation of a mesophase with a helical local structure and thus locally chiral, formed by materials that are themselves achiral. Such a mesophase, termed the twist-bend nematic (N TB , Fig. 1 ) was predicted by Dozov 16 to be formed by bent molecules and was later confirmed experimentally. 17 This mesophase has been described as the ''structural link'' between the uniaxial nematic phase and the helical chiral nematic mesophase. 18 It is well known that N TB phase is exhibited by both bent-core 19 and liquid-crystalline dimers, 17 however, no examples of twist-bend mesophases in rod-like (calamitic) liquid-crystalline materials are known and it is presently an open question whether or not such molecular structures can exhibit this unique mesophase. Questions and reports concerning spontaneous breaking of mirror symmetry are of fundamental importance to a wide range of scientific disciplines, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and so the formation of helical, chiral, nanoscale structures in liquid-crystalline bent-core compounds, [30] [31] [32] dimers [33] [34] [35] [36] and trimers 27, [37] [38] [39] has prompted extensive study. When formed from a racemates or molecules lacking stereogenic centre it is the chirality that results from conformers that leads to the spontaneous breaking of mirror symmetry in the N TB phase. For each chiral conformer there exists its mirror image, which has the opposite sign of chirality and, in the absence of a biasing chiral dopant or environment, there exists equal probabilities of each of these and thus the bulk structure is achiral. 34 Despite a number of theoretical treatments 16, 36, [40] [41] [42] [43] and comparative studies between experiment and theory, [44] [45] [46] a general and comprehensive structure property relationship remains elusive to date, aside from the widely acknowledged requirement for a 'bent' molecular shape. 47 
Mesophase structure, physical properties and identification
The pitch length of the helical structure of the N TB phase is on the order of several nanometres and has been measured directly by freeze-fracture transmission electron microscopy (FFTEM, Fig. 2 ) 18, 19, 48, 49 and resonant carbon K-edge small angle X-ray scattering (SAXS) 50 as well as indirectly, with measurement of the electroclinic effect 51 and 2 H NMR spectroscopy 33 revealing the presence of an extremely short (i.e. several nanometers) helical pitch (P TB ). In the case of resonant SAXS experiments the ability to measure the P TB in situ has allowed the temperature dependence of the pitch to be determined quantitatively for the first time. 50 It is unfortunate that to date these techniques have only been applied to a small number of molecules, and so it is unknown how P TB varies with molecular structure.
The conical angle has been determined for CB7CB (2, Table 2 ) using birefringence measurements, 52 2 H NMR spectroscopy on CB7CB-d 4 , 129 Xe NMR on CB7CB saturated with xenon and CB7CB doped with 8CB-d 2 as a spin probe. 53 As the conical angle remains less than the magic angle the N TB phase is optically uniaxial with positive birefringence; this has also been demonstrated by connoscopy. 54 The orientational order parameters hP 2 i and hP 4 i for the CBnCB series (where n is 7, 8, 9 or 11, see Table 1 ), as determined by polarised Raman spectroscopy (PRS), 55 are significantly higher for the dimer CB8CB (3), with even spacer parity, than for the odd parity dimers CB7CB, CB9CB and CB11CB (2, 4 and 6 respectively). Values determined by PRS for both odd-and even-parity dimers are in good agreement with those obtained previously by NMR using anthracene-d 10 as a spin probe. 56 Measurement of the dielectric permittivities of materials exhibiting the twist-bend nematic can provide values of the elastic constants, the conical 'tilt' angle in the N TB phase and in some cases order parameter data for both pure compounds and mixtures. [57] [58] [59] [60] [61] Studies on the rheology of the twistbend nematic phase of KA (0.2), a six component mixture of odd-parity bimesogens for which a pitch length of 10.5 nm was determined by FFTEM, 58, 62 reveal that the N TB phase is strongly shear thinning. At low shear stress (o1 Pa) the viscosity of the N TB phase was found to be 1000 times larger than that of the nematic phase in the same material, however, at higher shear stress (410 Pa) the viscosity drops two orders of magnitude as the heliconical axis reorients due to shear-induced alignment. 63 Although supported by a significant body of experimental evidence this view of the local structure has also been disputed, with some experimental evidence interpreted to be counter the heliconical model. Specifically a 2 H NMR experiment was interpreted as showing that a helix is not present in the N TB /N X phase. 67 Similar periodic length scales exist in the solid state of CB9CB (4) as those measured by FFTEM, with suggestions that the measured pitch may be due to surface freezing. 68 In the model proposed by Dozov 16 the spontaneous twit-bend deformation of the nematic director is a consequence of the bend elastic constant K 33 falling below zero, conversely, experimental studies have shown that this is not the case for CB7CB. 69 Most recently, the observation of direct isotropic liquid to N TB phases has provided a further challenge to future theoretical treatments. 70, 71 Presently, it seems that experimental evidence supports the heliconical model as the best descriptor of the local structure of the twist-bend mesophase. Deuterium NMR spectroscopy is a powerful tool for the study of the N TB phase; the use of a suitably deuterated prochiral mesogen or solute as a spin probe (e.g. anthracene-d 10 , 56 8CB-d 2 72 ) allows the rapid distinction between the uniaxial nematic and the heliconical twist-bend nematic phases as follows. In the isotropic liquid the deuterium NMR spectrum of a pro-chiral methylene (-CD 2 -) is a singlet, in a uniaxial nematic phase the same deuterium environment is a quadrupolar doublet, however, as a consequence of the local chirality results the twist-bend nematic phase these two deuterons are no longer equivalent and so two quadrupolar doublets are observed. Example spectra are given in Fig. 3 .
The optical textures of the twist-bend nematic phase are both distinctive and sufficiently different from other mesophases that they can be used for preliminary assignment. Typical optical textures obtained for the N TB phase on cooling from the schlieren texture of the nematic phase are presented in Fig. 4 ; immediately below the phase transition the birefringent regions of what was the schlieren texture in the nematic become blocky, further cooling yields significant changes in the birefringence. More detailed discussion of the optical textures of the N TB phase can be found elsewhere. 66, 73 The ability to draw freestanding films of the twist-bend nematic indicates that this mesophase has structural periodicity (Fig. 5) . 66 Calorimetric studies of the nematic to twist-bend nematic phase transition reveal it to be weakly first order and close to tricritical. 17, 59, 60, 66, 74 In non-resonant small angle X-ray scattering experiments the pattern obtained for the twist-bend nematic phase is similar to that of the nematic phase; only diffuse scattering in both the wide and small angle regions as both the N and N TB phases lack electron density modulation, despite the spatial periodicity present in the latter. 17, 19, 48, 49, [75] [76] [77] [78] [79] [80] [81] SAXS patterns obtained for CB11CB (6) with Cu Ka radiation (l = 0.154 nm) for a magnetically aligned (field of E0.6 T at sample position) sample in the nematic (110 1C) and the twistbend nematic (99 1C) are given in Fig. 6 , using an experimental setup that has been described previously. 76 Although non-resonant SAXS experiments are not diagnostic for the local structure of the twist-bend nematic phase, they are a useful tool for distinguishing between the N TB and smectic phases, in which diffuse layers of
As noted by Zhu et al., non-resonant SAXS experiments should be able to distinguish between the twist-bend and splay-bend nematic phases. 50 For materials suspected of exhibiting a twist-bend nematic phase the construction of phase diagrams with twistbend nematic materials (such as the CBnCB compounds) has proved to be a useful way of demonstrating unequivocally that novel materials exhibit this state of matter. 17, 44, 59, 76, [81] [82] [83] [84] The potential for stimuli-responsive behaviour in twistbend nematic materials, as well as other LC phases with helical structures, has the potential to yield novel display technologies utilising switchable reflection, [85] [86] [87] as well as in producing defined nanostructures that can be used for photonic applications. [88] [89] [90] 3. Molecular structure and the N TB phase
As with all mesophases the occurrence of the twist-bend nematic phase in a bulk material has its origin in molecular structure, and since the identification of the lower temperature nematic phase exhibited by CB7CB (2) by Cestari et al. as the twist-bend nematic phase there has been a resurgence of interest in the structure property relationships of liquidcrystalline dimers. 17 We can subdivide the structure of a liquid crystal dimer into sub sections (Fig. 7) 49, 97 and tetramers, 77 and although no such reports have been made to date, it seems highly probable that this phase will also be observed in higher oligomers.
A 'bent' molecular shape is a prerequisite for a material to exhibit the twist-bend nematic phase and this is most commonly achieved by using a spacer of odd parity, although as will be discussed, exceptions exist to this rule where even parity spacers are used and the molecular bend is provided by some other structural unit. When the spacer parity is odd then the material is bent; conversely an even spacer parity affords a near linear material and thus for simple dimers there is a strong even effect due to the significantly different shape; this is well illustrated by comparison of the properties of the CBnCB series of materials (1-6, Table 1 ). Replacement of both of the methylene linking groups with esters and ethers leads to loss of the N TB phase, however the resulting materials still exhibit the nematic phase. 81, 98 
Methylene linked dimers
Dimers containing two 4 00 -alkyl-2 0 ,3 0 -difluoroterphenyl mesogenic units joined by either a heptamethylene or undecamethylene spacer were also found to exhibit the twist-bend nematic phase (Table 2) , with 7 being one of only a handful of materials exhibiting a twist-bend to smectic phase transition. 99 Compound 8 was found to exhibit a linear (polar) microsecond optical response to applied electric fields, with domains of opposite handedness exhibiting opposite responses when confined in planar cells. One possible interpretation of this phenomenon was noted by the authors as being a 'very short helical pitch'. 84 As depicted in Fig. 7 it is possible to include ring-to-ring linking units in the mesogenic units, resulting in predictable changes to the shape and polarity of the resulting material. Concerning the N-phenylbenzimine dimers reported by Henderson et al. (Table 3) , materials with terminal cyano, methoxy or ethoxy groups and a central pentamethylene spacer (10-12) exhibit nematic and N TB phases (identified as Sm in ref. 101) . 102 In a similar vein to the CBnCB compounds, analogous dimers with even spacer parity (13) (14) are solely nematogenic and exhibit large increases in clearing point relative to the odd parity materials. 101 As with the CBnCB series of materials the even-parity members of the PCBnPCB series (16, 18; Table 4 ) were found to have significantly higher melting and clearing points than the odd-parity materials (15, 17, 19 , Table 4 ). However, whereas the odd-parity materials exhibit the twist-bend nematic phase the even-parity homologues lack the perquisite bent shape and thus do not exhibit this phase. Additionally the even-parity materials, as a consequence of their anticipated liner shape, have significantly higher melting and clearing points than the oddparity materials. The identity of the N TB phase of compounds 15, 17 and 19 was confirmed by miscibility with CB11CB. 83 Reversal of the ester linking units of 17 affords compound 20 (Table 5) , which has marginally reduced N TB -N and N-Iso transition temperatures. The positioning of a lateral fluoro group in either the 2-or 3-positions of the outermost ring leads to reduced clearing points and N-N TB transition temperatures (in the case of 21 it occurs simultaneously with crystallisation at around 75 1C). The use of a 'three-ring' mesogenic unit (23) as opposed to a two ring unit (7) leads to significant increases to the N TB -N transition temperature as well as a 180 1C increase in the clearing point; this indicates that the aspect ratio of the mesogenic units (i.e. length to breadth ratio) of the dimer can significantly change the thermal behaviour of the material, as was demonstrated with compounds 17 and 20. The effect of polar terminal groups on the N TB was also explored by Goodby et al., who synthesised a number of methylene-linked dimers consisting of a heptamethylene or nonamethylene spacer, two phenyl benzoate mesogenic units and one of six polar terminal groups; cyano (7, 9) , fluoro (24, 25) , trifluoromethyl (26, 27) , isothiocyanate (28, 29) , nitro (30, 31) and pentafluorosulfanyl (32, 33) . Many of these materials were non mesogenic (see Table 6 ), although the compounds featuring CN and SCN terminal groups exhibited both nematic and N TB phases. Comparing the compounds in Tables 5 and 6 it was noted that the neither the incidence nor thermal stability of the twist-bend nematic phase depends on the dipole moment. 45 In unsymmetrical liquid-crystalline bimesogens with varying polar terminal units it was found that functional groups that are normally detrimental to mesophase stability (such as CF 3 , SF 5 ) could be incorporated into the molecular structure, with the resulting material still retaining the nematic and twistbend phases (Table 7) . When studied by SAXS no significant differences in the obtained patterns were observed between the symmetrical material 7 and unsymmetrical compounds such as 35, with the diffuse small-angle scattering peak being approximately one half of the all trans molecular length and therefore indicating that the two distinct polar groups are not segregated in either the nematic or nematic twist-bend phases.
Ahmed et al. reported several unsymmetrical bimesogens (Table 8) , several of which were found to exhibit the twist-bend nematic phase. Ahmed et al. suggested that the position of polar groups (i.e. lateral, terminal or absent) is not critical for the formation of the N TB phase, as was also suggested earlier. 45 As shown in Table 8 , there is a marked increase in clearing points with increasing aspect ratio, whilst reducing the symmetry of the molecule was found to lead to lower melting points. The replacement of a single phenyl ring in CB9CB with thiophene (to afford 39) leads to a small drop in both the clearing point and N-N TB transition temperature, presumably due to the non-linearity of a 2,5-disubstitued thiophene unit. Compound 46 exhibits a transition from the N TB phase into an as yet unidentified, highly ordered smectic (Sm X ) mesophase.
In 'polar' dimers and bimesogens, i.e. materials exhibiting well-defined polar terminal or lateral substituents (such as cyano, nitro, fluoro groups etc.), the N TB phase does not appear to exhibit any dependency on the molecular dipole moment. 83, 94, 103, 104 For unrelated materials with similar clearing points the N-N TB transition temperatures are, apparently, almost identical; for example compounds 22 and 29, 45 and 46.
Moving now to materials lacking polar functional groups in either the terminal or lateral positions of the mesogenic units, the nonamethylene linked phenyl 4-pentylbenzoate dimer 47 was found to exhibit both nematic and twist-bend nematic mesophases, although both were monotropic. Replacement of the outermost phenyl ring of 47 (Table 9) with trans cyclohexyl affords a small increase in melting point and a large increase in clearing point, however the N TB phase is lost. Replacement of the phenyl ring with [2,2,2]bicyclooctane (BCO, 49) again affords an increase in clearing point, analogous to the behaviour of calamitic materials, 105 however in this case the material still exhibits the N TB phase with an accompanying increase in thermal stability of over 30 1C.
Turning now to analogues of 47 with varying terminal chain length, the melting points, N TB -N and N-Iso transition temperatures do not show significant variation aside from a small odd-even effect. All phase transitions are monotropic, and in the case of 53 and 55 recrystallisation occurs directly from the isotropic liquid due to the short range of supercooling.
Incorporating an alkoxy terminal chain in lieu of an alkyl (Table 11 ) leads to increased melting points, but also significant increases in the N-I and N-N TB transition temperatures to the point where 58, 59 and 60 exhibit enantiotropic N TB phases. Compound 60 exhibits a transition from the N TB phase into an anticlinic smectic C phase -this is the only known example of this phase transition that is currently known. The associated enthalpy, as measured by differential scanning calorimetry, of the SmC A -N TB transition of 60 is an order of magnitude larger than the N TB -N phase transition. Study of 60 by small angle X-ray scattering reveals that at the phase transition the correlation length increases from roughly 5.5 nm in the N TB phase to 27 nm in the SmC A phase. The SmC A phase has an average layer spacing equal to 0.5 molecular lengths, and thus is extensively intercalated. The C 7 homologue (61) exhibits a nematic to SmC A transition, whilst at a terminal chain length of C 8 (62) or greater neither the nematic nor N TB phase are observed, instead a direct isotropic to anticlinic smectic C transition occurs (Fig. 8) .
As was reported for compounds 22 and 23 the incorporation of one or two lateral fluoro group in either the 2-or 3-positions of the outermost ring leads to reduced clearing points and N-N TB transition temperatures; in the case of compound 67 the material does not exhibit the twist-bend nematic phase (Table 12) . Compound 65 exhibits a direct isotropic to smectic C A phase transition, however, incorporating a methyl or methoxy group in the 2-position of the outermost ring (to afford 68 and 69 respectively) disrupts the packing that leads to the SmC A phase and the materials instead exhibit nematic and twist-bend nematic mesophases, albeit with significantly (450 1C) reduced clearing points. The steric footprint of fluorine is much smaller than that of a methyl or methoxy group, and so when it is used as a lateral substituent the depression in clearing point is not as pronounced and the Iso-SmC A phase transition is retained.
Increasing the aspect ratio of the phenyl 4-alkylbenzoate dimers (Table 10) to afford the phenyl 4-alkylbiphenyl-4 0 -carboxylate materials ( The behaviour of the phenyl 4-alkylbiphenyl-4 0 -carboxylate materials (Table 13) is largely mirrored by the analogous phenyl trans 4-(4-alkylcycohexyl)benzoate dimers (Table 14) , with the ethyl-and propy-terminated materials (75 and 76) exhibiting both nematic and N TB mesophases, and the butyland pentyl-terminated homologues exhibiting nematic and SmC A phases (77 and 78). However, the trans, trans 4-(4-alkylcycohexyl)cyclohexylcarboxylate dimers (Table 15) differ significantly in terms of their liquid-crystalline behaviour; all materials (79-82) exhibit nematic and smectic B mesophases, with butyl and pentyl terminated derivatives also exhibiting additional smectic phases. When studied by small-angle X-ray scattering, the various smectic phases of 71-82 were found to be intercalated, that is, the layer spacing is roughly one half of the all trans molecular length regardless of the mesophase. 106 Comparing the behaviour of 71-82. The N TB phase becomes less stable in comparison to intercalated smectic phases (both SmC A and SmB) as the proportionality of s to p-bonded structure is increased, mirroring the trends seen for conventional calamitic materials. 107 3.2. Dimers with other linking groups 3.2.1. Ether-linked dimers. There had been some suggestion initially that perhaps, due to differences in conformation and elastic constants when compared to methylene linked materials, 36, 102 dimers and bimesogens with ether linking groups could not exhibit the N TB phase. Certainly the replacement of methylene linking groups with ethers has an impact on the distribution of conformers and elastic constants, 108 however, the first ether-linked twist-bend materials were reported 59, 79, 82 soon after the observation of the twist-bend phase in ad-mixtures of methylene and ether linked bimesogens. 62 As shown in Table 16 , and depending on the parity of the central spacer as well as the terminal chain length, the so-called FBOnODFCBm materials exhibit twist-bend or smectic A mesophases, the latter being identified as the subtype A 2 by SAXS and the N TB phase being identified unequivocally by miscibility studies with CB11CB. 79 Compound 85 remains the only example to date of a material exhibiting a twist-bend nematic to smectic A phase transition, with this polymorphism being extremely sensitive to even small changes in molecular structure; any increase or decrease in the length of the terminal chain results in the loss of the N TB phase. In all cases, replacement of the 4-fluorobiphenyl mesogenic unit with a 4-cyanobiphenyl and several fluorinated biphenyls was found to suppress the formation of both the 'X' and SmA 2 phases exhibited by 85 (Table 17) . However, in all cases the nematic phase was retained, while all but 90 and 91 still exhibit the N TB phase. 79, 82 Sebastián et al. presented a thorough reinvestigation into 95 (FFO9OCB) and demonstrated that this material exhibits a twist-bend nematic phase, which had not been reported in previous works concerning this material. 59 (Table 20) with two members found to exhibit a nematic/nematic phase transition. 91 This nematic/nematic phase transition was identified as being a columnar nematic mesophase in the original work; however, it is possible that this mesophase is actually the N TB phase. The presented optical textures for the salicylaldimine dimers are certainly in keeping with twist-bend nematic; however, this is a speculative result and not a definitive conclusion and merits further study. Šepelj et al. later reported a homologous series of symmetrical, imine-linked phenyl 4-alkoxybenzoate dimers (Table 21) NOESY experiment they suggest an alternate structural model for this phase featuring local domains of syn packed dimers. The identification of the N TB phase in compounds 114 and 120 supports the idea that the lower-temperature nematic phase exhibited by the structurally similar materials in Table 20 is the N TB rather than a columnar nematic phase. Incorporation of a naphthyl unit in place of the outermost phenyl ring of the materials presented in Tables 20 and 21 affords 126-129 (Table 22 ). In all cases the clearing points and melting points have increased relative to the parent phenyl materials as a consequence of the now increased aspect ratio of the individual mesogenic units. Only one material (128) was found to exhibit the twist-bend nematic phase, with others exhibiting B 6 and rectangular columnar mesophases. Materials with even spacer parity (i.e. m = 6, m = 8) were also prepared and found to exhibit both modulated and intercalated smectic A and C mesophases.
Knowing that shorter terminal chains favour nematic and N TB mesophases Dawood et al. reported the synthesis and characterisation of five symmetrical, imine linked phenyl 4-ethoxybenzoate dimers with varying central spacer length (Table 23 ). The homologue with the shortest central spacer (130, 2O-3-O2) exhibits a direct isotropic to twist-bend nematic phase transition, this being the first observation of this transition in a pure compound, which had first been observed in a binary mixture. 70 Three symmetrical dimers with cyanobiphenyl mesogenic units and imine linking groups have been reported. For these compounds there are sizable increases in the melting View Article Online point, clearing point and N-N TB transition temperature when compared to the analogous CBnCB materials can be directly attributed to the change in conformational distribution that results from the incorporation of an imine (Table 24) . 104, 106, 115 3.2.3. Dimers with mixed linking groups. Examples of both methylene-and ether-linked dimers that exhibit the N TB phase are known, and so it is perhaps unsurprising that mixed ethermethylene linked systems have also been found to form the N TB phase. Recently Paterson et al. reported 138 (CB6OABOBu) which, exhibits both nematic and twist-bend nematic mesophases when the azo group is in its trans geometry. Irradiation of the material in the twist-bend nematic phase with UV light (365 nm) leads to isomerisation of the azo linking group and an isothermal transition to the nematic phase occurs (Fig. 9) . 80 Replacement of a single methylene unit in CB7CB to afford 139 (CB6OCB) or CB9CB to afford 140 (CB8OCB) leads to significant increases in both melting and clearing points, with a small increase in the nematic to twist-bend nematic transition temperature (Table 25 ). For 139 the helical pitch was measured to be 8.9 nm by FFTEM, which is close to the structurally related CB7CB (B8 nm), 116 however for 140 such data has not been reported. For both materials the clearing points and nematic to N TB transition temperatures are essentially identical. A dimethylene group has some degree of flexibility whereas an alkyne is rigid and the replacement of the first two methylene units of compounds 139 and 140 with an alkyne affords compounds 141 and 142 respectively (Fig. 10) , the latter having significantly increased melting points compared to those of the parent dimethylene materials. For 141 the clearing point and N-N TB transition temperature are significantly reduced when compared to 139, while for 142 there is only a marginally reduced N-N TB transition temperature with the clearing point being essentially identical to that of 140. The large difference in the N-N TB transition temperatures of compounds 141 and 142, which is not present in the analogous 139 and 140, indicates that the flexibility of the spacer is significant -the inflexible alkyne occupying a greater proportion of the spacer length in 141 than in 142. This apparent sensitivity of the twist-bend nematic phase to the flexibility of the spacer supports the observation that the N TB phase is relatively common in mesogenic dimers and relatively rare in bent-core liquid crystals, the latter being typically regarded as rigid. 31 
Bent core systems
A series of asymmetric, rigid bent-core materials with a central phenyl piperazine group were prepared by Schroder et al., 118 with shorter homologues exhibiting a nematic-nematic phase transition. Later, compound 145 was revisited and the second nematic phase identified as being the N TB phase, the helical pitch (P TB ) was measured by FFTEM to be 14 nm -larger than CB7CB, but still extremely short. 19 Based on this it seems likely that the lower temperature nematic phase exhibited by compounds 143 and 144 is also the N TB phase. To date these, along with compound 153 (Fig. 11) , are the only known examples of bent-core materials that exhibit the twist-bend nematic phase, although others have been suggested previously (Table 26) . 119 Tamba et al. reported a hybrid, ether-linked bent-core/calamitic dimer that exhibited the twist-bend nematic phase as well as an unidentified 'M 2 ' mesophase. 120 While variants featuring other spacer lengths (trimethylenoxy or hexamethylenoxy) or a dodecyloxy terminal chain in lieu of the nitrile unit employed in 153 were still liquid-crystalline, these no longer exhibit the twist-bend nematic phase.
Chiral systems
Several unsymmetrical, ester-linked cholesterol/N-phenyl-4-alkylbenzimine bimesogens with odd-spacer parity were found to form nematic and twist-bend nematic phases, with even-parity homologues being solely nematogenic (i.e. they only exhibit a nematic phase) or exhibiting an additional smectic A phase. The mesophase behaviour of compounds 154-161 is more complex than depicted in Table 27 ; while on heating the materials exhibit chiral nematic phases on cooling blue phases are seen instead, leading to direct BP-N TB phase transitions. In the case of compound 161 a total of six distinct phase transitions are seen by DSC over a 2 1C temperature range at the N*-N TB phase transition (Fig. 12) . The N TB pitch length of 154 was measured by AFM and reported to be 50 nm; significantly larger than that reported for CB7CB, but despite this difference in pitch, these two materials were found to be miscible at all concentrations. 54, 96 In general, azo linked materials (Table 28 ) have lower melting points than the analogous imine linked materials Fig. 9 The molecular structure and transition temperature of 138 (CB6OABOBu), reported by Paterson et al.
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Fig . 11 Chemical structure and transition temperatures of the hybrid bent-core/calamitic dimer reported by Tamba et al. 120 Phase transitions are presented in parenthesis are monotropic. In the case of compound 170 a transition from the nematic into an unknown smectic mesophase (Sm X ) was reported, whereas the parent imine material exhibits a twist-bend nematic phase. The photochemical behaviour of these materials was not commented upon; however, it would appear reasonable to speculate that the photo-isomerisable azo linkage will result in a isothermal twist-bend nematic phase transition. 80 Archibald et al. constructed a binary phase diagram between the dimer 58 and the chiral dopant BDH1281 (Fig. 13 ), at and above a dopant concentration of 5.5 wt% a direct isotropic to N TB phase transition was observed. 43 Additionally at and above 5.2 wt% of BDH1281 a transition from the twist-bend nematic to a lower temperature mesophase lacking lamellar order (hence N X ) was also observed; the possibility of this mesophase being a splay-bend nematic was hinted at, but this is speculative and lacking experimental confirmation presently, perhaps by small angle or grazing incidence X-ray scattering as suggested by Zhu. 50 The dopant/dimer mixtures also exhibit an apparent phase transition between two isotropic liquids which was postulated to be due to the formation of supermolecular aggregates. 70 Mixtures containing below 5.5 wt% of the chiral dopant exhibit wide temperature range (45 1C) blue phases in analogy to those reported previously for mixtures of bimesogens and the dopant BDH1281 (Table 29) . 121 
Oligomers: trimers and tetramers
Liquid-crystalline trimers are aptly named, being molecular entities comprised of three interconnected mesogenic units. 122, 123 The manner of the attachment need not be linear, 124 and the mesogenic units are not strictly limited to rod-like groups. 125 Liquid-crystalline tetramers can be defined as discrete molecules containing four interconnected mesogenic units. Whereas there are numerous examples of liquid-crystalline trimers, relatively few tetramers have been reported. [126] [127] [128] [129] Linear higher oligomers pose synthetic challenges, chiefly as efficient chromatographic purification is challenging, however some examples of pentamers exist. 130, 131 In the context of the twist-bend nematic phase relatively few oligomeric materials are known to exhibit this state of matter. The hydrogen-bonded trimer formed spontaneously by 172 (CB6OBA , Table 30 ) was the first trimeric twist-bend nematogen to be reported; the analogue with even spacer parity, 171, (CB5OBA) does not exhibit the twist-bend nematic phase. As the carboxylic acid group contains both a hydrogen bond donor and acceptor both 'open' and 'closed' H-bonded structures are possible. Variable temperature FT-IR has been used to examine the dynamic equilibrium that exists between free acid, 'open' dimers with one H-bond and 'closed' dimers with two H-bonds. 93, 132 As far as we are aware, the hybrid calamitic/bent core trimer 173 (Table 31) is only the second example of a twist-bend nematic material where the prerequisite bent shape arises not from a flexible spacer but rather a rigid unit (the other being 145). Values of the orientational order parameters hP 2 i and hP 4 i of 173 were determined by SAXS using the method of Davidson, 133 which is incidentally known to be flawed, 134 with the behaviour as a function of temperature across both the nematic and twist-bend nematic phases being to be consistent with those later obtained by PRS by Zhang et al. for the CBnCB materials. 55 The d-spacing of the diffuse small angle peak in both the nematic and N TB phases was approximately one third of the molecular length, indicating that both phases are intercalated. The pitch of the N TB phase of 173 was determined by FFTEM according to the method used by Chen et al., 48 giving a value of B19 nm which corresponds to approximately four molecular lengths. 49 When one of the cyanobiphenyl units is replaced with a decyloxy chain the resulting material exhibits nematic and biaxial smectic A mesophases, but not the twistbend nematic. 135 The symmetrical, linear trimer 174 (Table 32 ) exhibits nematic and twist-bend nematic mesophases, as does the related tetrameric compound 176 (T4 9 , Table 33 ). 77, 95 When studied by SAXS the diffuse small angle scattering peak observed in both the nematic and N TB phases occurs at roughly 0.33 molecular lengths for 174 and 0.25 molecular lengths for 176 (58.0 Å and 62.8 Å respectively), 95 confirming that for both materials the lower temperature mesophase is not lamellar but nematic as well as demonstrating that the mesophases are extensively intercalated, as was reported by Wang et al. for the trimer 173. 49 The associated enthalpy of the N TB -N transition is typically much smaller than the N-Iso transition, and this is also observed for the trimer 175. In the case of the tetramer 176 the associated enthalpy of the N TB -N transition is somewhat larger than that of the clearing point, with both transitions being strongly first-order. The tetramer 177 was also found to exhibit nematic and twist-bend nematic mesophases. Unlike 176 this material lacks strongly polar terminal groups, instead having butoxy chains, while the spacers used are slightly shorter (C 7 vs. C 9 ). Additionally the two 'central' mesogenic units have different aspect ratios to the 'outer' units. When studied by SAXS, as with other oligomeric twist-bend materials, the diffuse small angle scattering peak that corresponds to the molecular length is approximately 1/4th of the molecular length, demonstrating that both the nematic and N TB phases are extensively intercalated, while the lack of sharp peaks confirms the two mesophases are not lamellar. It seems reasonable to conclude that many combinations of terminal chain length, central spacer length and mesogenic unit composition will give rise to the twist-bend nematic phase in oligomeric materials (Table 34 ).
Summary and outlook
The experimental observation of the predicted twist-bend nematic phase has led to a renewed interest in liquidcrystalline dimers. The number of materials known to exhibit a twist-bend nematic phase has increased significantly since the experimental discovery of this state of matter, with around 90 materials, many of which were prepared by the materials group at York, now known to exhibit this mesophase. Several examples of twist-bend nematic phases formed by lower oligomers (trimers and tetramers), and there is every reason to believe that examples of higher oligomers and polymers that generate the N TB phase will be found. Indeed, the lower temperature nematic phase observed in copolymers exhibiting a nematic-nematic phase transition has been suggested to be a twist-bend nematic phase. 137 The synthesis of the tetramer 177
is performed in such a way that the individual mesogenic units are installed one-by-one, meaning that the synthesis of higher oligomers of analogous molecular structure may be achievable. A general and definitive structure property relationship remains elusive; however, a gross bent molecular shape is seemingly required and the molecular flexibility appears important as well. The incidence of the twist-bend nematic phase is not especially dependent on combinations of functional groups etc., provided the prerequisite bent shape is satisfied. The largest sub-group to exhibit the twist-bend nematic phase are methylene linked with a nonamethylene spacer and mesogenic units constructed of two rigid cyclic units, with around 40 materials known in total. For these materials that there is linear relationship between the N-I transition temperature (T N-I ) and the N TB -N transition temperature (T N-N TB , plot given in Fig. 14) . This plot contains materials having both polar and non-polar terminal groups as well as both symmetric and unsymmetrical dimers. It must also be noted that in the case of materials having terminal alkyl/alkoxy chains the length of these groups has, apparently, no significant influence on the relationship between T N-I and T N-N TB . Analogous materials with different spacer lengths or different aspect ratios for the individual mesogenic units yield different slopes, however the liner relationship is retained. In essence, the temperature at which the nematic or twist-bend nematic phase transition occurs are dependent on one another and are therefore somewhat independent of molecular structure, i.e. the exact values of each phase transition depend on the chemical makeup of a given material but the relationship between these transitions does not.
Transitions from the twist-bend nematic to smectic phases are rare, although examples exist, and it is worth speculating as to whether or not re-entrant N TB phases can exist; examples of both re-entrant nematic and re-entrant smectic phases in dimers have been reported, 138, 139 but to date such behaviour has not been observed for the N TB phase.
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